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In this work, the influence of the structurally related impurities, Demethoxycurcumin (DMC) 
and Bisdemethoxycurcumin (BDMC) on the primary nucleation of Curcumin (CUR) has 
been investigated in propan-2-ol. The induction time for nucleation was measured at different 
CUR driving forces and impurity concentrations 0.10 mmol.dm-3, 0.30 mmol.dm-3 and 0.60 
mmol.dm-3 and the results are analysed by the classical nucleation theory (CNT). The 
nucleation rate for the impure systems was noticeably lower than the nucleation rate of the 
pure system, and the times of growth to visibility were much longer for the impure systems. 
The pre-exponential factors are clearly lower for the impure system compared to the pure 
CUR system, while the increase in the solid-liquid interfacial energy is small. DFT and 
Metadynamic molecular modelling reveal that the 1:1 bonding between CUR and an impurity 
molecule is stronger than to another CUR molecule, thus suggesting that the developing CUR 
nucleus has to overcome a certain energy barrier in order to remove the impurity molecules 
from their surface, which may explain why nucleation of CUR is more difficult in presence of 
the structurally related impurities; DMC and BDMC. 
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ABSTRACT: In this work, the influence of the structurally related impurities, 
Demethoxycurcumin (DMC) and Bisdemethoxycurcumin (BDMC) on the primary nucleation 
of Curcumin (CUR) has been investigated in propan-2-ol. The induction time for nucleation 
was measured at different CUR driving forces and impurity concentrations 0.10 mmol.dm-3, 
0.30 mmol.dm-3 and 0.60 mmol.dm-3 and the results are analysed by the classical nucleation 
theory (CNT). The nucleation rate for the impure systems was noticeably lower than the 
nucleation rate of the pure system, and the times of growth to visibility were much longer for 
the impure systems. The pre-exponential factors are clearly lower for the impure system 
compared to the pure CUR system, while the increase in the solid-liquid interfacial energy is 
small. DFT and Metadynamic molecular modelling reveal that the 1:1 bonding between CUR 
and an impurity molecule is stronger than to another CUR molecule, thus suggesting that the 
developing CUR nucleus has to overcome a certain energy barrier in order to remove the 
impurity molecules from their surface, which may explain why nucleation of CUR is more 
difficult in presence of the structurally related impurities; DMC and BDMC. 
 
 
1. Introduction 
In industry, challenging organic molecules such as active pharmaceutical ingredients 
(APIs), drug excipients and fine chemical compounds are frequently purified via 
crystallization from solution. In most cases, impurities, like unreacted reactants and by-
products, are present in the crystallization solution and can greatly influence the nucleation 
and crystal growth kinetics, and thus the product crystal structure, purity, shape and size 
distribution.1Crystal nucleation is a key step in crystallization processes very much 
controlling the key product properties of the product and it is the least understood mechanism 
of crystallization. Developing a greater understanding of how impurities influence crystal 
nucleation can help to better control crystal properties.  
 
Some studies have been performed on the effects of different solvents2, 3 
additives/impurities4, 5,6,7,8 and degradation products9 on the crystallization of API’s but very 
little work has been performed using structurally related impurities to study their effects on 
the crystallization of an API.  Metacetamol as an impurity in the nucleation of paracetamol 
lead to increased nucleation times and metastable zone widths.10In addition the crystal habit 
of the paracetamol was modified by the presence of the impurity.  Davey et al11 demonstrated 
the effect of structurally related impurities for the stabilization of the metastable polymorph 
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of L-glutamic acid. In that case stabilization of the metastable polymorph was associated with 
inhibition of nucleation of the stable polymorph. From the perspective of crystallization it is 
well established that impurities can generally slow down rates and influence crystal habit. 
This study seeks to quantify the influence of impurities on the nucleation kinetics of CUR in 
the presence of structurally related impurities; interfacial energies, critical free energies for 
nucleation and pre-exponential factors for CUR were determined for a range of impurity 
chemical structures and concentrations. Techniques such as molecular modelling have also 
been applied to study the influence of impurities12 and to predict relative incorporation 
energies which can signify the probability of impurity incorporation onto a crystal.13  
In this manuscript, two structurally related curcuminoid impurities are identified and 
isolated. The molecular structures of the two impurities and of CUR are almost identical, as 
the only difference is the presence or absence of a methoxy group on the ring structure 
(Figure.1). The influence of impurities on the induction time during the nucleation of CUR is 
determined experimentally and the collected nucleation data is examined statistically. By 
classical nucleation theory (CNT), the induction time data and nucleation rates are used to 
estimate the solid – liquid interfacial energy, pre-exponential factor, and time of growth to 
visibility. The impurities influence the solubility of CUR and this has been accounted for in 
the estimation of the driving force. Molecular modelling tools have been employed in order 
to interpret the experimental nucleation results and to understand the observed effects of the 
impurities on the nucleation of CUR.  
CUR can be obtained from the Indian spice Turmeric, along with DMC and BDMC, 
altogether known as curcuminoids.14The curcuminoids have a range of health promoting 
factors and are extracted from the rhizomes of Turmeric, which has been used for centuries in 
traditional oriental medicine. CUR is a trimorphic system, of which the most stable Form I is 
monoclinic and the other two metastable forms (Form II and Form III) are orthorhombic.15In 
the literature on the crystallization of CUR, most work has been performed on the crystal 
nucleation of the two CUR polymorphs (stable Form I and metastable Form III) in organic 
solvents,16 recrystallization of crude CUR17 and CUR precipitation induced by ultrasound and 
polymeric additives.18No previous work has been performed on the nucleation of CUR in the 
presence of the curcuminoid impurities; DMC and BDMC. 
  
 
CUR DMC BDMC 
 
Figure 1. Molecular structures of CUR, DMC and BDMC. 
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2. Materials and Methods 
Materials Crude CUR of >75 % nominal purity (HPLC, area %) was purchased from Merck, 
containing <20 % DMC and <5 % BDMC. Propan-2-ol (99.9 %, Fluka) was purchased from 
Sigma-Aldrich.  Ultra-pure reference standards of individual curcuminoids, CUR (100 %, 
HPLC), DMC (98.6 %) and BDMC (98.3 %) were separated and purified from crude CUR 
(Merck) by cooling crystallization followed by preparative column chromatography, as 
previously reported.14Along with HPLC analysis, the purified samples were characterized and 
confirmed by LC-MS, PXRD, TGA and DSC.14 
 
Solubility Measurements The solubility in propan-2-ol of pure CUR has been determined in 
pure solutions and in solution containing the relevant concentration of impurities by the 
method previously reported.16The solution concentration was determined using HPLC (1260 
Infinity, Agilent) fitted with Poroshell 120 C18 column (4.6 × 50 mm; 2.7 μm, Agilent), and 
operated under isocratic elution of acetonitrile with 2 % v/v acetic acid (40:60, v/v) at a flow 
rate of 1.0 mL/min, a column temperature of 33 oC, and UV detection at 425 nm. Samples of 
saturated CUR solutions were diluted in 60:40 v/v acetonitrile/water (at least three 
independent measurements).  
 
Nucleation Experiments Solutions (150 cm3) of CUR in pure propan-2-ol solvent were 
prepared in sealed 200 mL glass bottles by weighing out predefined masses of solid CUR and 
solvent (propan-2-ol) producing four different CUR supersaturations; S = 4.90, 4.29, 3.81 and 
3.16, where S is defined as C/C*. The impurity, DMC or BDMC was added in solid form to 
the CUR/propan-2-ol solution and dissolved to reach impurity concentrations of 0.10, 0.30 
and 0.60 mmol.dm-3. The glass flasks were closed tightly and sealed with parafilm to prevent 
any evaporation of solvent from the flask upon heating above the saturation temperature (Tsat 
+ 5 oC) in a water bath. The solutions were stirred for an hour using magnetic stir bars during 
dissolution to make sure all solid material had been dissolved. For each batch of nucleation 
experiments, the dissolved solutions were quickly filtered using pre-heated PTFE luer-lock 
syringes and 0.2 µm filters into ten 15 mL glass test vials (10 mL per vial). The glass vials 
were coated in a UV- protection clear film to prevent the degradation of the CUR solution in 
light.14 Each batch of test vials was first kept in a thermostatic bath at the dissolution 
temperature of Tsat + 5 oC under magnetic stirring using Teflon coated magnetic stir bars at 
400 rpm, for 60 min, and then rapidly transferred to a second bath kept at the nucleation 
temperature, 20 °C, which was steadily maintained for as long as was necessary for crystals 
to form in all of the vials. Agitation was provided by a multipole submersible stirring plate (2 
Mag). The vials were continuously monitored and the time for nucleation was recorded by 
using a high definition web camera. The onset of nucleation was observed as a very rapid 
change from a clear to a cloudy solution. In all nucleation experiments, with and without the 
presence of impurities, a characteristic yellowish colour of suspension16 indicated 
crystallization of the stable Form I CUR, which was also confirmed by in-situ Raman 
spectroscopy and X-ray powder diffraction (PANalytical EMPYREAN diffractometer system 
using Bragg−Brentano geometry and an incident beam of Cu K-alpha radiation (λ = 1.5418 
Å)) of isolated CUR crystals. The induction time of each test vial was identified as the time 
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elapsed from the moment the vial was submerged in the water bath at the nucleation 
temperature until the point when clear to cloudy could be observed for the first time. The 
time required for complete temperature equilibration was measured separately with a control 
tube of pure solvent and an in situ calibrated temperature probe (Dostmann P600) and was 
less than five minutes. Once all the tubes had nucleated, they were transferred back to the 
water bath at dissolution temperature of Tsat + 5 oC where complete dissolution occurred, and 
equilibration was allowed for 1 h. The cycle was repeated ten times until approximately 100 
nucleation events (for higher supersaturations 4.90, 4.29, 4.23) and approximately 50 
nucleation events (for lower supersaturations 3.81, 3.16) were recorded for a given driving 
force.  
A colour change in the homogeneous solution was observed upon extended time at elevated 
temperatures indicating that the CUR molecules would degrade in spite of the coating film. 
Accordingly, each batch of tubes was subjected to temperatures of 65 °C for no more than 1 
h. For each separate driving force a new batch of tubes was prepared, and each solution was 
recycled two to three times over a period of a couple of days. Besides monitoring the 
solutions visually, after each cycle one tube of each batch was analysed by HPLC using 
multichannel UV detection at 425 nm (characteristic wavelength of the three curcuminoids) 
and 280 nm (degradation products of CUR, such as ferulic acid, vanillin, and vanillic acid) to 
verify that there was no detectable degradation.14Following degradation of CUR, induction 
times would be prolonged by hours or even days, with some vials not nucleating at all, see 
Supplementary Information Figure.S1.   
 
Quantum Chemical Calculations Density functional theory (DFT) calculations are applied 
using a Gaussian 09 package19 to investigate strength of interactions in CUR-CUR and CUR-
DMC (1:1) molecular associates. The interactions are probed at two distinct polar sites: a side 
of the CUR molecule featuring hydroxyl (OH) and methoxy (CH3-O) groups, and at the 
centre of the molecule, where the carbonyl (C=O) and hydroxyl group are present. The 
equilibrium geometries of the (1:1) dimers are calculated with a B97-D3 Grimme’s 
functional20 and a Gaussian-type 6-31G (d,p) basis set21 and represent stationary points at the 
potential enegy surface. The (1:1) binding energy is calculated as follows: 
 ∆Ebind = EA-B – (EA + EB )    (1) 
 
where EA-B is the energy of a dimer and EA and EB are the energies of isolated monomers A 
and B in fully relaxed gas phase geometries. All the DFT energies are calculated using a 
double hybrid B2PLYP-D3 functional,22 which combines exact Hartree-Fock exchange with 
an MP2-like correlation and long-range dispersion corrections; here we use a basis set of 
quadruple-ζ valence quality (def2-QZVPP).23Electrostatic potential maps are generated with 
the MOLEKEL 5.4 software.  
Metadynamics Simulations Molecular dynamics simulations coupled with an advance 
sampling method, metadynamics24,25,26  were performed with GROMACS (version 4.6.5) 
using the general AMBER force field (GAFF)27,28 to sample the clustering behaviour of 
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CUR-CUR and CUR-BDMC in an explicit solvent (propan-2-ol) simulating two curcuminoid 
molecules in about 3000 propan-2-ol molecules equilibrated at 300 K and 1 bar. V-rescale 
temperature coupling was used with a relaxation time of 2 ps. Constant pressure was obtained 
by coupling to an isotropic Parrinello-Rahman barostat, with a relaxation time of 2 ps. 
Periodic boundaries conditions were applied in all directions. All bonds lengths of 
curcuminoids and propan-2-ol were constrained to their equilibrium positions with the 
LINCS algorithm. Non-bonded interactions were evaluated with a cut-off of 11 Å. Long-
range electrostatic interactions were treated by Particle Mesh Ewald method, with a grid 
spacing of 1.6 Å and PME order of 4. The metadynamics algorithm biases a MD simulation 
through the periodic addition of a small repulsive potential, defined as a sum of Gaussian 
distributions, to the overall potential energy. To explore and describe the clustering 
(association/dissociation) behaviour of the two curcuminoid molecules in propan-2-ol 
environment, we selected the distance of hydrogen and oxygen of the hydroxyl groups 
(OH…OH type of H-bonding) between two CURs or CUR and BDMC, d(O…HO), as a 
collective variable (CV). The biasing Gaussian potential functions with a height parameter of 
0.08 kJ mol−1 were deposited every 1 ps, with a width of 0.8 Å along CV. To ensure the 
convergence of the system, but not to oversample the bulk solution, the simulation run time 
was optimized to 10 ns. The binding free energy was estimated by reconstructing the free 
energy landscape using sum_hills utility provided with the PLUMED29 plugin. The free 
energy difference between the bonded state (curcuminoid molecular associates) and the 
unbonded state (curcuminoid molecules separated more than 15 Å from each other) obtained 
from the free energy profile is defined as the binding free energy. The convergence of 
simulation was assessed by comparing the reconstructed free energy profiles in the CV space 
as a function of simulation time.  
 
3. Results and Discussion 
The solubility of pure CUR crystals Form I in propan-2-ol measured as a function of 
temperature and impurity concentration is shown in Figure 2. Each point is the average of 
multiple measurements, with an average error of 4 % (each solubility point was sampled 2-3 
times to determine concentrations using HPLC, the uncertainty reported (4%) is the average 
for all temperature points). However, the solubility differences between pure curcumin and 
curcumin with impurity in Figure 2 are typically 10 %. Impurities present in the solution 
leads to a decrease in the solubility of the pure solid phase of CUR, at c (impurity) = 0.55 
mmol.dm-3, this decrease is 7% at 20 oC. The impurity effect on the solubility has been 
accounted for in the estimation of the nucleation driving force. CUR has a relatively low 
solubility in propan-2-ol (0.9 g/dm3 at 20 oC); by comparison with the solubility of DMC and 
BDMC (DMC 16 g/dm3 and BDMC 8 g/dm3, 20 oC) as published by Ukrainczyk et al17 and 
accordingly all examined systems are strongly undersaturated with respect to pure DMC and 
BDMC solid phases.  
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Figure.2 Solubility of CUR in propan-2-ol without (solid line) and with (dotted lines) the 
presence of dissolved curcuminoid impurities (c (impurity) = 0.55 mmol.dm-3). 
 
 
The use of various distribution functions to examine induction time data has previously been 
examined.30Here we have used the cumulative exponential-based probability distribution 
function (LDF).1  
 
P(t) = 1 - exp(-JV(t - tg))                            (2) 
 
where P(t) is the induction time probability, J is the nucleation rate, V is the volume of the 
solution, t is the induction time of each vial and tg  is the time at which the first vial 
crystallized. This equation was fitted to the nucleation data using the data analysis software 
Origin 7.0. Induction time distributions are shown in Figure 3. The solid lines represent eqn 
(2) fitted to each set of data, and the resulting nucleation rate (J) and time of growth to 
visibility (tg) values are given in Table 1.   
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(a)           (b)  
(c)  
Figure.3 Induction time distributions: (a) for CUR in pure solutions at different 
supersaturation ratios (b) for CUR at S = 3.16 in the presence of different concentrations of 
DMC (mmol.dm-3) and (c) for CUR at S = 3.16 in the presence of different concentrations of 
BDMC (mmol.dm-3). Solid curves are fitted according to the probability distribution function, 
eqn 2. The reader should note the differing time scales used for (a), (b) and (c).  
 
The data in Figure 3 and Table 1, illustrates that the induction time as expected decreases 
with increasing supersaturation in the pure and the impure systems. The induction time 
becomes much longer in the presence of the impurities. However, the influence of impurity 
and impurity concentration is not very clear, as is illustrated in Figure 4. There is a tendency 
for a decreased nucleation rate with increasing impurity concentration, perhaps more 
pronounced in the DMC system. The relative width of the induction time distribution, taken 
as the induction time difference for 90 % (t90) and 10 % (t10) of the vials has nucleated 
divided by the median induction time is shown in Table 1. The induction time distribution 
tends to become wider as the supersaturation decreases. At lower supersaturation, there is a 
tendency for impurities to decrease the distribution width but overall the influence of 
impurities on the width is not very pronounced.   
From the nucleation rate (J) data, the solid-liquid interfacial energy (γSL) and pre-
exponential factor (A) can be determined within the classical nucleation theory, according to 
eqn 3. 
                                  lnJ  lnA 		

 	
 

            (3) 
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if the nucleus is assumed to be spherical, where NA is the Avogadro number, R is the gas 
constant, T is temperature, υ is the molecular volume (4.4x10-28 m3) of CUR in the cluster, 
and S is the supersaturation ratio (C/C*). The second term on the right-hand side, is the 
nucleation work (∆G !"/RT, and includes the free energy barrier that needs to be exceeded 
for a cluster to turn into a nucleus. The pre-exponential factor is taken here as the total 
number of clusters which form per unit volume and time. The fraction of these clusters which 
progress to viable nuclei is determined by the exponential factor. The plot of eqn 3 is shown 
in Figure 4 and resulting parameters are given in Table 1. A statistical evaluation of the 
confidence in the determined values of A and γSL is not simple straight line statistics since 
every point in Figure 4 is a value representing a median value of the stochastic nucleation 
distribution at each condition. However, with reference to our previous similar work on 
tolbutamide31 where a very comprehensive statistical analysis is done, we feel confident that 
the discussion here on the curcumin data is statistically valid. 
 
Table.1. Parameters of the probability distribution function of induction times at different 
supersaturations and impurity concentration:nucleation rate (J) and time of growth to 
visability (tg). The solid-liquid interfacial energy values (γSL) and pre-exponential factors (A) 
for the pure and impure CUR systems and t90- t10 induction time width distributions.  
 
 
S 
 
 
C/C* 
c(imp) 
 
 
mmol.dm-3 
Median  
tind 
 
 
(s) 
tg 
 
 
(s) 
t90- t10 
tind Width 
Distributions 
(s) 
J 
 
nuclei 
m-3s-1 
γSL
 
 
 
(mJ.m-2) 
A 
 
 
(m-3 s-1) 
 
Pure 
CUR 
 
4.90 
4.29 
4.23 
3.81 
3.16 
0 1049 
1926 
1577 
4137 
5223 
960 ± 28 
598 ± 13 
923 ± 21 
4179 ± 59 
1733 ± 33 
0.91 
0.98 
1.28 
1.05 
1.62 
125 ± 3 
154  ± 6 
107 ± 5 
63 ± 5 
32 ± 1 
4.45 659  
DMC 4.90 0.10 7666 4024 ± 220 0.79 23 ± 2 4.70 113  
 
4.29  17033 6517 ± 420 0.83 9 ± 1    
 
3.81  17533 12203 ± 250 0.74 14 ± 1    
 
3.16  60669 45445 ± 920 0.74 4 ± 0    
 
4.90 0.30 7860 3715 ± 81 1.03 17 ± 1 5.29 225  
 
 4.29  13212 4233 ± 230 1.28 8 ± 0    
 
3.81  14426 8346 ± 230 0.70 14 ± 1    
 
3.16  107356 64593 ±1300 1.38 
 
2 ± 0    
 
4.90 0.60 11392 3654 ± 380 0.90 13 ± 1 4.28 50  
 
4.29  15935 8352 ± 484 0.79 11 ± 1    
 
3.81  19372 8096 ± 584 1.17 7 ± 1    
 
3.16  65836 44943 ± 820 0.66 4 ± 0    
BDMC 4.90 0.10 6809 4038 ± 123 1.00 26 ± 2 5.01 165  
 
4.29  16239 5853 ± 820 0.98 
 
7 ± 1    
 
3.81  19238 12528 ± 360 0.53 13 ± 1    
 
3.16  70141 52265 ±3340 0.45 
 
3 ± 1    
 
4.90 0.30 8812 3740 ± 161 1.52 16 ± 1 5.56 350  
 
4.29  10870 4271 ± 290 1.18 12 ± 1    
 
3.81  22267 11179 ± 571 0.80 7 ± 1    
 
3.16  72422 33879 ±2300 2.46 1 ± 0    
 
4.90 0.60 8807 4463 ± 154 0.91 21 ± 1 5.13 222  
 
4.29  13207 8785 ± 206 0.86 17 ± 1    
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 3.81  19903 9471 ± 600 0.72 9 ± 1    
 3.16  52345 26409 ±1460 0.84 
 
3 ± 0    
 
The supersaturations (S) are based on the solubility data for pure CUR (Figure 2). Standard errors (±) 
were obtained by the data analysis software Origin 7.0. 
 
 
 
 
Figure.4. Analysis of data according to the classical nucleation theory (concentration of 
impurities are reported in mmol.dm-3).  
The solid-liquid interfacial energy for the pure CUR system is lower than the corresponding 
value for the impure systems (with one exception). The interfacial energy tends to be lower 
for the DMC systems compared to the BDMC systems, but there is no clear trend with 
respect to the impurity concentration. The critical free energy and critical size of the nuclei 
are given in the Supplimentary Information in Table S1. As the supersaturation level 
decreases the critical free energies increase for all systems as expected from the CNT (see 
Figure 5; Table S1 in Supplementary File). The critical nucleus size is larger and the critical 
free energy is higher for the impure systems in comparison to the pure system. However, the 
difference in the interfacial energies is small and not necessarily statistically valid. The 
dominating influence of the impurities is, on the pre-exponential factor, being clearly lower 
in the impure systems and primarily explaining why the corresponding induction times are 
much longer. The pre-exponential factor of nucleation of CUR in the presence of impurities 
has a maximum at intermediate impurity concentration.  
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Figure.5. Critical free energy versus supersaturation for the pure and impure CUR system. 
(Impurity concentration is in mmol.dm-3). 
 
A striking feature of this work are the relatively low nucleation rates recorded in the range 1 -
154 nuclei m-3s-1 considering the range of supersaturations (S= 3.16-4.90) used here. 
Expressed in a different way, high driving forces are needed to reach reasonably short 
induction times, i.e. within a day. Other studies which report nucleation rates include m-
Amino benzoic acid in ethanol/water (S=(1.83-2.15); γSL =8.7 mJm-2; J =(5.0x101-4x103m-3s-
1; molecular volume = 1.2 x 10-28 m3 molec-1),1 l-Histidine in water (S=(1.55-1.74); γSL =5.1 
mJm-2;  J=(1.6x102-1.8x103 m-3s-1; molecular volume = 1.3 x 10-28 m3 molec-1)),1 Butyl 
Paraben in a range of solvents (S=(1.04-1.25); ); γSL=0.3-1.73 mJm-2;  J =6 x 101 - 4 x103 m-
3s-1; molecular volume = 1.8 x 10-28 m3 molec-1)32 and Benzoic acid in acetonitrile (S=(1.1-
1.5);  γSL=3.0 mJm-2;  J =5 x 101 - 1.2 x103 m-3s-1; molecular volume = 1.1 x 10-28 m3 molec-
1).33All of these literature values were determined from the nucleation rates derived from the 
probability distribution of induction times. A separate study by Teychene and Biscans34 using 
a larger 500 mL crystallizer recorded much longer induction times and slower nucleation 
rates for the polymorphic compound Eflucimibe in ethanol/heptane (S = (1.86 - 3.4); γSL 
=4.23 mJm-2 for the metastable Form A and γSL=5.17 mJm-2 for the stable Form B; J=7x10-2 - 
2.5x101 m-3s-1; molecular volume = 4.8 x 10-28 m3 molec-1). Nucleation rates are a balance 
between interfacial energies and the applied supersaturation but each of the examples cited 
above except Eflucimibe exhibit much higher nucleation rates at lower applied 
supersaturations in spite of the fact that their interfacial energies for the most part are 
comparable to those measured here for CUR. Eflucimibe (molar mass = 469.7 g mol-1) is a 
much larger molecule than any of the others cited above.  The molecular volume of CUR is 
4.4x10-28 m3 molec-1 which is quite large in comparison to other modern pharmaceuticals like 
Atorvastatin (molecular volume = 3.9 x 10-28 m3 molec-1). The classical nucleation theory 
equation does include the molecular volume as a component of the critical free energy (see 
eqn 3). Here we propose that the low nucleation rates observed in this work only measurable 
in a reasonable timescale and at high supersaturations is due to the large molecular volume of 
CUR. Further support for this point is that protein crystallization is commonly performed in 
the supersaturation range of 10 – 20.35 In the derivation of eqn 3, the molecular volume 
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appears as a conversion from nucleus bulk volume free energy (difference compared to the 
solute free energy in the solution phase) per unit volume of nucleus to the corresponding free 
energy in units of J per molecule in the nucleus, being equal to the thermodynamic driving 
force for nucleation. The critical size of a nucleus is reached when the free energy of the 
nuclei surface (J) (associated with the interfacial energy) is 1.5 times the free energy of the 
nuclei bulk (J). With increasing molecular volume there are fewer molecules per unit volume 
of nucleus and because of that the thermodynamic driving force expressed in units of J/mole 
has to increase. 
  
The time taken for growth to visibility (tg) in the pure and impure CUR systems are also 
presented in Table 1, and with a few exceptions clearly decreases with increasing 
supersaturation. Equally clearly, the presence of impurities increases tg, i.e. the impurities are 
not only slowing down the nucleation but are also slowing down the rate of growth, and more 
strongly so at low supersaturations. Overall, it is difficult to see a clear trend with respect to 
the influence of the impurity concentration or with respect to the relation between the 
impurities (see Figure 6). 
 
  
Figure.6. Time of growth to visibility (tg) versus supersaturation (S) for the pure and impure 
CUR system. (Impurity concentration is in mmol.dm-3). 
 
 
Often lower concentrations of impurities are assumed to have a negligible influence 
on thermodynamics. However, nucleation kinetics are very sensitive to the supersaturation 
and for the sake of comparison, the experimental results have also been evaluated without 
accounting for the influence of the impurities on the solubility. The details are given in the 
supplementary file and the evaluation reveals that ignoring the influence of the impurities on 
the solubility systematically leads to lower interfacial energies and pre-exponential factors, 
but the differences are moderate. 
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The experimental results have also been evaluated directly by the classical nucleation theory, 
by assuming that: 
ln&!'	()'!*  ln	JV,     (4) 
, inserted into eqn 3. The data reveal that compared to using eqn 2 and 3, directly using the 
experimental median induction time according to eqn 4 and used in eqn 3, leads to pre-
exponential factors that are systematically clearly higher, and the interfacial value is less 
systematically dependant on the impurity concentration, but overall the differences are 
moderate. 
In both the pure CUR solutions and those containing either DMC or BDMC, the solid 
phase crystallized exclusively as Form I. The crystal structure of the CUR Form I is shown in 
Figure 7. As it can be seen, each CUR molecule in the Form I crystal features three 
intramolecular H-bonds: (OH…OCH3) and (OH…O=C), and four intermolecular H-bonds 
forming two types of hydrogen bonding: OH…O=C and OH…OH. 
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Figure.7. Arrangement of molecules in the CUR form I crystal (BINMEQ04). Top: view 
along the crystallographic b-axis, bottom: intermolecular (black dots) and intramolecular 
(green dots) H-bonding for two neighbouring molecules in the crystal lattice of Form I.   
A DMC molecule combines features of CUR and BDMC as it involves both a phenyl ring 
substituted with the methoxy and hydroxyl groups (CUR-like) and a phenyl ring substituted 
with the hydroxyl group only (impurity-like). For this reason we have restricted our analysis 
of the electrostatic potential distribution to this molecule (Figure 8). As expected, the most 
negative potential is located at the carbonyl oxygen (this is indicated by the intense red 
colour), being slightly less negative at the two hydroxyl oxygens. The yellow colour of the 
methoxy oxygen (O-CH3) suggests the least negative electrostatic potential among all the 
oxygen atoms, thus lower propensity for accepting H-bonding. On the other hand, the most 
positive potential is located at the hydrogens belonging to OH groups (indicated by the blue 
colour). Interestingly, absence of the methoxy group in one end of the molecule (Figure 8, 
bottom structure) results in more positive potential at the hydroxyl hydrogen (deep blue 
colour). This suggests that the proton of the OH group not being involved in intramolecular 
H-bonding (impurity-like) can be capable of forming stronger H-bonding.  
 
Figure.8. Electrostatic potential isosurface of DMC calculated at HF/6-31G(d,p) level. Top: 
a part of the molecule showing the aromatic ring substituted with hydroxyl (-OH) and 
methoxy (-OCH3) groups (CUR-like). Bottom: a part of the molecule showing the aromatic 
ring substituted with hydroxyl (-OH) group (impurity-like) (blue – positive, red – negative, 
yellow – weakly-negative, green – neutral potential). 
To verify these observations we have calculated with DFT binding energies in dimers of 
CUR-CUR and CUR-DMC (Figure 9). 
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 Figure.9. Optimized geometry of CUR-CUR and CUR-DMC (1:1) molecular associates 
(DFT B97-D3/6-31G (d,p) level). Binding energy in respective dimers calculated at DFT 
B2PLYP-D3/def2-QZVPP level. Hydrogen – white, carbon – grey, oxygen – red.  
 
The solute-solute interactions (Figure 9) have been probed at the strongly interacting polar 
sites of the molecules to account for OH…O=C and OH…OH type of H-bonding, which is 
similar to that present in the crystal of Form I. For all the H-bond combinations considered 
the binding energies calculated were 14-20 kJ/mol more negative (indicating stronger 
interactions) in the dimers made of CUR-DMC as compared to the CUR-CUR dimers. This is 
explained by the propensity for stronger hydrogen bonding due to higher electrostatic 
potential at the proton of the hydroxyl function in the absence of the methoxy group as shown 
above (Figure 8). In addition, if the methoxy group is present in the side phenyl ring(s) (as in 
the CUR molecule), this results in steric hindrance between functional groups, which 
prevents formation of H-bonds with optimum geometry and strength.  
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 Figure.10. Binding energy of CUR-CUR and CUR-BDMC molecular associates (dimers) in 
explicit solvent (propan-2-ol) at 300 K (Metadynamics, GAFF). Free energy profiles for 
O…HO distance in respective systems. 
The results of the metadynamics (biased MD simulations) provided the free energy profiles 
for the binding of the curcuminoid molecular associates in explicit solvent (propan-2-ol) 
equilibrated at 300 K using enhanced sampling of the configurational space of curcuminoid 
molecular associates as a function of the intermolecular H-bond distances, d(O…HO). At 
convergence, free energy profile of the system was obtained, for which the binding energy is 
determined as described in the methods section for the favourable molecular associate 
configurations at discrete distances d(O…HO).  
The free energy profile of CUR-CUR and CUR-BDMC molecular association/dissociation in 
propan-2-ol, obtained by biased MD simulations (metadynamics) as a function of d(O…HO), 
is shown in Figure 10. The free energy reaches a zero value plateaus, beyond 14 Å, when the 
curcuminoid molecules dissociate in bulk solvent phase and do not interact at all. For the 
bonded state of molecular associates, the energy profile of CUR-CUR system displays two 
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binding energy minima of -23 and -67 kJ mol-1 for the associate configurations at d(O…HO) 
=  2.2  and 3.8 Å, respectively, whereas -36 and -94 kJ mol-1 in the case of CUR-BDMC 
associate configurations at  the d(O…HO) =  2.1  and 4.1 Å, respectively. The corresponding 
structures are shown in Figure 10, left panel. In the most stable CUR-CUR dimer 
configuration (Eb = 67 kJ mol-1), CUR molecule is stacked on top of each other, oriented 
parallelly, thus maximizing the interaction per molecular surface. For the CUR-
bisdemethoxycurcumin system at the global minimum of -94 kJ mol-1, the molecular 
associates are again in almost parallel configuration, with closer distances at the both ends of 
the molecules but somewhat further apart in the middle part of the molecules at enol groups. 
At the second energy minimum, CUR forms linear chain and interact only with hydroxyl and 
methoxy groups on benzene rings, but forming closer H-bonding contact with a shorter 
d(O…HO) distance of  2.2 Å (and under O…HO angle of 120o). In the case of the CUR-
BDMC dimer, with local minimum at 36 kJ mol-1), we observe that the BDMC molecule 
forms H-bonding by employing its free hydroxyl group (without intramolecular bonding 
constrains due to the absence of methoxy group). Interestingly, due to competitive 
interactions with the solvent molecules, the methoxy group of the CUR molecule tends to 
interact with molecules of propan-2-ol, resulting in breaking/opening the intramolecular H-
bonding. This seems to facilitate stronger bonding of the adjacent OH group with the BDMC 
molecule. The comparison of the DFT binding energies presented above and the 
metadynamics-derived free energies of dimerization in propan-2-ol consistently indicate that 
the binary interactions of CUR‒DMC and CUR‒BDMC are stronger than the respective 
binding between two CUR molecules. 
In a homogenous supersaturated solution, molecules of solute cluster eventually turn into 
crystals that are thermodynamically stable in the solution. The clustering tends to be 
thermodynamically unfavourable until the clusters reach sufficient size or structural order. 
Thus clusters are prone to reconstructions due to alternate assembling and dissembling of 
molecules resulting from their random collisions with molecules of solute and solvent. Since 
the 1:1 binding of CUR to DMC and BDMC is stronger than to other CUR molecules these 
impurities will interact with the clustering process and slow down the nucleation. In order to 
create a homogenous crystal of CUR, the impurity molecules have to be removed from the 
structure; explaining why nucleation of CUR is more difficult in presence of the impurities.  
 
4. Conclusion 
Experimental induction time data obtained reveal that both DMC and BDMC impurities 
clearly prolong the nucleation of CUR, especially at low supersaturation of CUR (S = 3.16). 
However, no clear trend was observed when different concentrations (0.10 mmol.dm-3, 0.30 
mmol.dm-3 and 0.60 mmol.dm-3) of impurities were added to the crystallizing CUR solution, 
and no obvious trend was noticed between the impurities themselves. Statistical analysis was 
performed on the collected nucleation data according to the classical nucleation theory reveal 
that the structurally related impurities primarily decrease the pre-exponential factor for CUR 
Page 17 of 22
ACS Paragon Plus Environment
Crystal Growth & Design
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
crystallization, while the increase in interfacial energy is comparatively small. In addition, the 
impurities are found to increase the time of growth to visibility. Both the DFT and 
metadynamics computations accordingly indicated that the binary interactions of CUR‒DMC 
and CUR‒BDMC are stronger than the respective binding between two CUR molecules. 
From this, it was hypothesised that the molecular aggregates of CUR forming at initial stages 
of a nucleation process in solution bind impurity molecules, which slows down the process of 
forming a nucleus. A certain energy barrier has to be overcome in order to remove the 
impurity molecules from their structures; this could explain why nucleation of CUR is more 
difficult in presence of the structurally related impurities; DMC and BDMC. 
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Curcumin DMC BDMC 
 
 
Synopsis: 
The influence of the structurally related impurities, Demethoxycurcumin (DMC) and 
Bisdemethoxycurcumin (BDMC) on the primary nucleation of Curcumin (CUR) has been 
investigated in propan-2-ol. The induction time for nucleation was measured at different 
CUR driving forces and impurity concentrations (0.10 mmol.dm-3, 0.30 mmol.dm-3, 0.60 
mmol.dm-3) using a multi-cell apparatus. The classical nucleation theory and a cumulative 
probability distribution function were applied to analyse the induction time data.  
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